The International Journal of Advanced Manufacturing Technology (2020) 106:3831-3847
https://doi.org/10.1007/s00170-019-04762-3

ORIGINAL ARTICLE m

Check for
updates

Integrative and multi-disciplinary framework for the 3D
rehabilitation of large mandibular defects

Khaja Moiduddin' @ - Syed Hammad Mian' - Naveed Ahmed? - Wadea Ameen " . Hisham Al-Khalefah' -
Muneer khan Mohammed' - Usama Umer’

Received: 17 July 2019 / Accepted: 26 November 2019 /Published online: 8 January 2020
© Springer-Verlag London Ltd., part of Springer Nature 2020

Abstract

The restoration of mandibular defects, especially large deformities is regarded as the most challenging surgical procedure owing
to complicated anatomy and the requirement of customized design. Presently, the commercially available reconstruction plates
with standard shapes and sizes are frequently utilized. However, these typical plates exhibit several disadvantages, including high
cost, poor performance, etc. They are ineffective and do not exactly match the bone contours. Besides, trial and miss approach
and several revisions associated with these plates involve significant effort and time. To overcome these issues, a framework
based on the integration of design, analysis, evaluation, and fabrication phases have been developed and implemented. The
objective was the attainment of a cost-effective, reliable, and sturdy design for the mandibular implant. A customized plate
merged with a mesh structure matching the patient bone contours as well as guide and support the growth of neighboring bones
was the crux of this mandible implant. The proposed methodology was made of three primary pillars: technology unification,
multi-disciplinary notion, and a quality emphasis. A lattice structure, instead of a solid framework was utilized to reconstruct the
large mandibular defect. Indeed, the various porous structures were analyzed to finally derive the appropriate lattice structure. The
scans from computer tomography were utilized to model the customized plate and scaffold framework, while electron beam
melting was used to fabricate the implant. Moreover, the proposed implant design was analyzed using finite element analysis as
well as the fabricated specimen was validated for mechanical and structural behavior. The biomechanical analysis outcome
revealed lower stresses (214.77 MPa) as well as well-connected structures involving proper porosity and robust mechanical
properties. The cost analysis also established that the employment of the proposed design would result in a lesser burden on the
patient as compared to the existing practices.
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1 Introduction

The large mandibular defect is complex and results in greater
bone loss from the body of the patient. These defects are
primarily caused by trauma, tumor resection, or infection
[1]. They need immediate attention to restore the aesthetic
features and functional performance of the mandible.
Currently, the commercially available titanium reconstruction
plates are being widely used to restore the mandibular defects.
These commercial reconstruction plates come up in standard
shapes and sizes. As a result, the surgeons have to spend a
considerable amount of time matching the plate with the bone
contours. It is because each patient possesses different bone
anatomy and curvature, which disfavor the employment of
standard plates without bending and twisting. Moreover, any
mismatch between the reconstruction plate with bone contour
results in implant failure, and its customization requires sev-
eral revisions which lead to stress and discomfort to the
patient.

The recent developments in data acquisition, image pro-
cessing, computer-aided design (CAD), and advanced
manufacturing processes have been instrumental in revolu-
tionizing the medical industry, specially the customized im-
plants business. These innovations can design and fabricate
tailor-made implants to achieve higher customer satisfaction.
The combination of lattice (mesh) structure and the solid plate
are being widely employed to repair large bone defects in
orthopedic applications [2]. Certainly, additive manufacturing
has reformed the restorative industry through its ability to
produce complex freeform geometrical structures effectively
[3, 4]. It has been identified as an efficient manufacturing
process with shorter lead time and lesser wastage as compared
to other traditional manufacturing processes such as casting,
forming (extrusion), and subtracting (machining) [5]. Among
the many additive processes, the electron beam melting
(EBM) has been regarded as a fast and successful method in
the fabrication of custom-designed metallic implants with a
Food and Drug Administration (FDA) and Conformité
Européene (CE) approval [6]. The lattice structure attached
to the solid plate is valuable because it provides adhesion
between the bone-implant interface, thus resulting in faster
healing time and effective biological fixation. Indeed, several
studies have pointed out that lattice geometry with well-
interconnected pore is a promising alternative to the bulk ge-
ometry [7, 8]. The contemporary studies have identified EBM
as a breakthrough in the fabrication of lattice structures with
controlled porosity [9, 10]. Although the conventional tech-
niques, including casting, powder metallurgy, and fiber depo-
sition, had also been considered in the fabrication of lattice
structure, they did not provide satisfactory outcomes [11, 12].
It is because these techniques yielded incompetent mesh struc-
tures with non-uniform porosity, impurities, and loose connec-
tion between them.
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The reconstruction of large mandibular defects has been
a complex task due to the unavailability of an effective
and reliable methodology. Moreover, the current practice
of employing commercially available standard plates is an
expensive and inefficient approach. As a result, a rational
and efficient methodology is developed to design and fab-
ricate a customized mandibular implant. A custom-made
implant unified with the lattice structure has been acquired
through the fusion of computed tomography (CT) and ad-
ditive manufacturing. A customized lattice reconstruction
plate has been designed using the patient's CT scan im-
ages. To understand the mechanical behavior and stress—
strain distribution of the designed lattice plate under the
mastication (chewing) process, a three-dimensional (3D)
finite element model (FEM) of the mandible and lattice
plate was modeled and analyzed. Subsequently, the 3D
printing technologies based on ARCAM's EBM
(MélIndal, Sweden) were used for the fabrication of the
titanium (Ti6Al4V ELI) lattice reconstruction plate.
Ti6Al4V ELI (extra-low interstitial) is a high-purity tita-
nium alloy with a reduced amount of O, N, C, and Fe,
exhibiting improved ductility and toughness compared to
standard grade 5 titanium alloy (Ti6A14V) [13].
Furthermore, the energy dispersive X-ray spectroscopy
(EDS), scanning electron microscopy (SEM), and micro-
CT (u-CT) tests were performed to evaluate the fabricated
titanium lattice plate. Indeed, the objective of this study is
to present a novel design approach for repairing large
mandibular defects that can restore the best possible mas-
ticatory function and maintain facial aesthetics with fast
healing. This research study has focused on automating
the process of retrieving the customized lattice implant
for the large mandibular defect. The novelty in the current
study is threefold. First is the seamless integration of the
various phases to restore the large mandibular defect. The
adopted approach consisted of technology consolidation,
simultaneous interdisciplinary association (engineering
design, medical, manufacturing, quality fields, etc.), and
a robust quality (mechanical, structural, and biomechani-
cal analysis) strategy. Second, a large mandibular defect
has been considered in this work. While a number of sim-
ilar works have been published lately, they have primarily
focused on the small and medium defect regions. A lattice
structure, instead of a solid framework has been utilized to
restore the large mandibular defect. The different porous
structures were studied to finally come up with the most
appropriate design. Third, quality by design policy was
ensured so that the customized mandibular implant could
be designed and fabricated properly from the outset with-
out any defect. An exhaustive cost analysis has also been
performed to establish that the adopted approach of real-
izing the customized reconstruction plates for large man-
dibular defects is economical.
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2 Experimental methodology

The experimental methodology adopted to design and fabricate a
customized, cost-effective mandibular implant was based on five
modules as shown in Fig. 1. The various modules comprised of
the design module, analysis (or simulation) module, fabrication
module, evaluation module, as well as the cost analysis, to study
the economics of the design and the suggested methodology.

The design module consisted of the following main sub-
stages. The CT images acquired for the patient were
processed, and the customized implant was designed. It also
included the selection of an appropriate lattice structure for the
mandibular implant. The design activities were primarily per-
formed in an image processing software Mimics® 17.0
(Materialise, Leuven, Belgium) [14]. Subsequently, the cus-
tomized implant design obtained at the design stage was ana-
lyzed (or simulated) in ANSYS® (Ansys Inc., Pennsylvania,
USA) [15] to study the mechanical viability under various
loading and chewing conditions. The customized implant de-
sign was then realized through fabrication using EBM. To
assess the performance of the fabricated specimen, different
tests, including powder metallurgical study, mechanical study,
and structural characterization of the internal and external lat-
tice structure was carried out. These evaluation studies were
useful in finding the metallurgical bonding and strength be-
tween each layer of the lattice structure. The cost analysis was
also required to ensure that the adopted methodology was
reasonable as well as to comprehend that the customized im-
plant was not expensive. This methodology is different owing
to technology integration, interdisciplinary cooperation, and
its goal of continuous customer satisfaction.

Patient with CT scan

Design Module

Image processing
Implant design

Fabrication Module
Electron beam melting
(Titanium)

2.1 Design module

The methodology used in the design of a customized lattice
reconstruction implant is illustrated in Fig. 2. This methodol-
ogy was employed to achieve the unification of the various
design, fabrication, and validation phases which can restore
the large mandibular defect. It is different owing to its tech-
nology integration, interdisciplinary cooperation, and the goal
of continuous customer satisfaction.

A patient suffering from a large mandibular defect was
scanned (Fig. 2(a)) with a GE Light Speed VCT XTe scanner
[16]. The scanned images in two-dimensional (2D) format
(Fig. 2(b)) were stored in a database (Fig. 2(c)) as Digital
Imaging and Communication in Medicine (DICOM) files
which is the standard data format for storing medical images.
Mimics® was used to import and process the 2D cross-
sectional anatomical data (CT scan images) as well as to con-
vert them into an accurate 3D model as shown in Fig. 2(d).
The Hounsfield Unit (HU) which makes up the grayscale in
medical CT scans, was adjusted in Mimics® to segregate the
hard and soft tissues. Moreover, the region growing methods
based on segmentation was employed to remove the undesired
data (Fig. 2(e,f)) and partition the 3D model into different
regions. The separation of masks and thresholding units were
used to construct the compact (cortical) and trabecular
(cancellous) bone using CT images. The region of interest
“mandible” as shown in Fig. 2(g) was obtained after segmen-
tation and saved as Standard Tessellation Language (STL) file
for the implant design.

The successful reconstruction of implant depends on the
implant design, its material, fixation, and of course, the skills

Evaluation Module

Powder metallurgical Mechanical stud Structural
study v characterization study

A 4

Analysis Module

Mesh generation

Cost Analysis Module

Implant cost analysis

Loading and boundary
conditions

Analysis and results

Functional
and Implant
aesthetic
results

e ualified implant
sterilization Q 2

Fig. 1 Experimental methodology for the reconstruction of a customized implant
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Fig. 2 The schematic process flow for the customized mandibular lattice reconstruction implant

of'the surgeon [17]. There are several customized design tech-
niques, but choosing the right technique which can provide
better accuracy and the minimum deviation between the im-
plant and bone contours is of utmost importance. Mirroring is
one of the widely used image reconstruction techniques in
cranial and maxillofacial applications [18, 19]. Therefore,
the mirror image reconstruction technique (Fig. 2(h)) was
employed in the customized mandibular implant design where
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the left defective region was replaced by the healthy right side
(Fig. 2(i)). Consequently, the merging and wrapping opera-
tions were performed to remove the gaps in the model as
shown in Fig. 2(j). A smooth outer region was selected (Fig.
2(k)) and extracted on the mandibular model (Fig. 2(1)) which
acts as a template for customized implant design. An offset
thickness and taper screw holes were provided for implant
fixation and stability as shown in Fig. 2(m). The bottom and
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top thick (silver color) region of the mandibular implant was
converted from solid (Fig. 2(n)) to lattice region using dode
thick structure (Fig. 2(0)) by Magics® 18.0 (Materialise,
Leuven, Belgium) as shown in Fig. 2(p). The designed man-
dibular implant with lattice structure was fitted onto the
tumor-resected mandibular model as shown in Fig. 2(r).
One of the advantages of having the lattice region (dode
structure) is to use the attached mesh as a graft carrier with
the customized implant. Several studies have reported dode
structures to develop bone implants [20, 21]. Cansizoglu
et al. [22] in his study have fabricated one lattice structure
(hexagonal) and studied its effect on various cell dimensions.
Hornetal. [23] have also investigated one-unit cell geometry
(rthombic dodecahedron) with different unit cells and relative
densities. In this study, the dode thick structure with different
unit cell dimensions has been investigated. Consequently,
the dode thick structure was evaluated in contrast to other
structures as well. The purpose was to analyze the effect of
different unit cell geometries and different structures on the
patient-specific implant for biomedical application.

A consensus in the prior studies indicates that for optimal
cell tissue growth, interconnected porosity of 50 to 80% and
pore sizes ranging from 50 to 800 um are desirable [24, 25].
Earlier studies have confirmed that the minimal pore size re-
quired for bone ingrowth is in the order of 50—100 pm where-
as larger pore size initiates greater bone formation but on the
other hand, affects the mechanical properties [26]. Markhoff
et al. [27] studied different 3D titanium porous scaffolds and
suggested that smaller pores 0of 400—620 pwm and high porosity
of 75% provide the highest implant-bone adhesion and

Fig. 3 Evaluation of three
different unit cell of dode thick
structure

metabolic cell activity. In this study, three different unit cell
sizes of 1, 2, and 3 mm of dode thick structure with a pore
diameter of 220, 480, and 650 um and a porosity level of 75%
were designed as bone graft carrier as shown in Fig. 3. Based
on the design, the unit cell 3 mm was found to contain gaps
and discontinuity between the junctions which could lead to
cracks and weak joints upon loading. The unit cells 1 and
2 mm found to show good inter-connections among the joints
in the designed part. Upon further investigation, after EBM
fabrication, it was revealed that the 1-mm unit cell contained
trapped powder. This was due to small pore size which failed
to remove the trapped powder after several attempts of
blasting in the powder recovery system (PRS). Finally, the
2-mm unit cell was selected after the successful removal of
the trapped powder.

In addition to different unit cell sizes, various dode struc-
ture of dode thin and dode medium from Materialise Magics®
were evaluated [28]. These structures are different from each
other based on their strut and pore sizes. As shown in Fig. 4, it
was clear that the dode thick structure was interconnected
through a good network of channels without any voids and
gaps in comparison to dode medium and dode thin. Based on
the above observation and evaluation, the dode thick 2-mm
unit cell was selected for graft carrier.

The virtual assembly of the mandibular framework model
comprising of compact and trabecular bones of the mandibu-
lar framework model with lattice (dode thick 2 mm) recon-
struction plate and three condyle and chin screws was per-
formed for fitting evaluation as shown in Fig. 5(a). This was
achieved using Magics®. If there was an error in the design
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Fig. 4 Mandibular lattice implant
with dode thin, dode medium, and
dode thick lattice structure
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Fig. 5 a Virtual assembly of the a
lattice reconstruction plate,
mandibular framework model and
six bicortical screws, b sectional
screw interface with compact and
trabecular bone, and ¢ close-up
view of the countersink screw
hole and the screws
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Table 2 Load magnitude and functional direction of masticatory
muscles in Newton's (N) [36]

Table 1 Mechanical characteristics of study materials used in the FE
model, [31, 32]
Materials Young's Poisson's Yield
modulus ratio strength
(MPa) (MPa)
Compact bone 13,700 03 122
Trabecular bone 1370 03 2
Lattice reconstruction 120,000 03 930
plate,
(Ti6A14V ELI)

assembly such as space and voids in-between the reconstruc-
tion plate and the framework model, the implant design pro-
cess had to be repeated until the satisfactory results were
achieved. The virtual assembly also helped in the intraopera-
tive surgery and provided surgical guidelines to the surgeons
in precision drilling and placement of the screws. The recon-
struction plate was incorporated with countersink screw holes
as shown in Fig. 5(b, c) so that the screw head passed
completely inside the screw hole thus enhancing the patient
comfort level and increasing the life of the implant. The man-
dible framework model with lattice reconstruction plate and
screws were saved as Standard for the Exchange of Product
(STEP) file for simulation.

2.2 Simulation module

The finite element analysis (FEA) was utilized to predict and
refine the design before fabrication. It has been regarded as
one of the most reliable simulation tools in bio-engineering

0.000 0.025
I

0.050 (m)
]

0.013 0,038

Masticatory muscles X(N) Y(N) Z (N)
Masseter 50 =50 200
Medial pterygoid 0 -50 100
Temporalis 0 100 200

studies for determining the biomechanical phenomena under
various loading conditions [29, 30]. The FEA software,
Ansys® (ANSYS Inc., PA, USA), was used in this study to
predict the mechanical behavior of the mandible reconstruc-
tion plate under the mastication process. The STEP file of the
mandibular framework model was imported into Ansys®, and
the material properties, meshes, and loading conditions were
assigned. The mechanical characteristics of compact bone,
trabecular bone, and plating system were considered as isotro-
pic, homogenous, and linear elastic and this data was taken
from literature studies (Table 1) [31, 32]. However, the bone
mechanical properties were not considered linear elastic as the
geometry, as well as material properties, changes from one
person to another as per the age and sex [33, 34].

Before importing the mandibular model in Ansys®, cus-
tomized patches were constructed which helped in defining
the loading and boundary conditions efficiently as illustrated
in Fig. 6(a).

To describe the loading on the mandibular model during
the mastication process, three muscle forces temporalis, me-
dial pterygoid, and masseter were included in the FEA study.
These three muscle forces were simulated on the mandibular

b

0000 5000

2500 7500

Fig.6 a Details of loads and constraints on mandibular framework model with a lattice reconstruction plate and b global view of meshing on mandibular

framework model
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Fig. 7 (a) Stress distribution (Von Mises; MPa) of the mandible model, (a') enlarged view exhibiting max stress (MPa) on the lattice, (b) Strain
distribution of the mandibular model, and (b’) enlarged view of the screw illustrating max strain

framework model based on the discussion of clinicians and
through a literature study [35]. The moment of chewing was
simulated in the FEM with muscular forces and force vectors
were taken in Newton (N) measurement unit as shown in
Table 2. The muscular forces exerted by each muscle along
the direction are shown in Fig. 6(a). The magnitude of each
muscular force applied during mastication was derived from a
previously published study [36]. The plate-bone and screw—
bone interfaces meshed with 3D tetrahedral 10-node elements
with the program control surface mesher are illustrated in Fig.
6(b). The connections between the interfaces were assumed as
bonded based on literature studies [37, 38]. The loading re-
cords for the above FEM was implemented in Ansys® under

static load conditions. Under mastication, the superior part of
both the condyles was kept fixed in all three axes. The vertical
displacement was constrained at the right side of the mandible
molar region to simulate the biting conditions. The molar re-
gion underwent near-zero displacements with axial chewing
forces. This restraint movement acted perpendicular to the
occlusal plane (Z direction) and conceded displacement free-
dom in the horizontal plane (X and Y direction) as illustrated in
Fig. 6(a).

Note that it was difficult to simulate a complex geometrical
model of the mandible when exposed to three muscular forces.
The FEA provided an approximate solution for the lattice
reconstruction plate attached to the mandibular framework

Table 3  Summary of FEA results under chewing conditions
Designed implant Max Von Max Stress on first Stress on Stress on Stress on first Stress on Stress on
Mises strain  chin screw second third condyle screw second third
stress (MPa) (MPa) chin chin (MPa) condyle condyle
screw (MPa) screw (MPa) screw (MPa) screw (MPa)
Lattice 214.77 0.00684 61.85 39.76 53.61 127.71 125.07 84.44
reconstruction
plate

@ Springer
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Fig. 8 a ARCAM machine, b a
Semi-sintered (Ti6Al4V ELI)
powder around the reconstruction
plate, and ¢ EBM reconstructed
lattice plate with supports

model. Although several biomechanical studies have been
performed on the mandibular reconstruction plates [35, 39],
very few studies are available on the lattice reconstruction
plate on the mandibular model. One of the main reasons is
the complex nature of the lattice structure. The FEA results of
the lattice reconstruction plate as shown in Fig. 7(a) predicted
that the maximum Von Mises stresses were confined in the
lattice region which was perceptible due to its low cross-
sectional area.

The reconstruction plate was assumed to fail in case the
Von Mises stresses exceeded the implant material yield
strength. The maximum Von Mises stresses observed in the
lattice reconstruction plate (214.77 MPa) and screws
(127.71 MPa) were well below the yield point (800 MPa) of
the titanium (Ti-6Al-4 V ELI) material. To further evaluate its
flexibility, the FEM was accessed by observing the strains
under chewing conditions. The maximum strain (Fig. 7(b))
found on the first condyle screw was of few microns
(6.8 um) thus reducing the chances of screw loosening. The

2 4 6
ull Scale 7330 cts Cursor: 0.000

Fig. 9 Chemical composition of the used Ti6Al4V ELI powder (EDS
test)

FEM was contemplated to be more steady and fixed when the
bicortical screws hold the reconstruction plate intact [40, 41].
Hence, the plate which generates lower strains is considered
more flexible and stable [39]. The simulation results of stress
and strain distribution of the mandibular framework model
assembly are presented in Table 3. On further observation of
analysis results, it was found that the stresses were transmitted
from the lower mandible (chin region) towards the upper man-
dible region (Condyle) thus satisfying the maxillofacial con-
ditions during mastication [42].

2.3 Fabrication module

Upon successful completion of the analysis of the customized
lattice reconstruction plate, the implant fabrication was carried
out. Titanium alloy (Ti6Al4V ELI) was used for the fabrication
of customized lattice reconstruction plates using EBM
technology.

Spectrum 3

———— e

2 4 6 8 10 12 14 16 18 20
Full Scale 11370 cts Cursor: 0.000 keV|

Fig. 10 EDS spectrum of fabricated plate
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Fig. 11 Powder particle size distribution (laser diffraction technique)

Initially, the STL file of the lattice reconstruction plate
was imported into Magics® for the optimization of trian-
gular meshes and generation of support structures. The
common STL errors such as gaps, bad contours, noise
shells, overlapping and intersecting triangles, etc., were
removed before generating support structures. The sup-
port structures play a vital role in the successful fabrica-
tion of 3D printed parts. Therefore, support structures
were added to prevent the distortion and collapsing of
parts during the build. The implant model (reconstruction
plate) along with support structures were imported into
ARCAM's build assembler software to convert the 3D
STL geometry into thin slices of 2D cross-section
(layers) and saved as EBM machine-readable ABF file.
This ABF file contained all the instructions needed for
the EBM machine control program to build the part in a
layer-by-layer form. The EBM A2 machine as shown in
Fig. 8(a) read the 2D cross-sectional layers and generated
the beam of electrons to melt the part as per the geometry.
The ARCAM's EBM builds parameters of the sintering
and melting process were left unchanged along with the
standard parameters of the 50-um-layer thickness during
fabrication.

For EBM fabrication, a sequence of three steps was
performed for each built layer, consisting of distribution
of powder evenly around the build plate, preheating and
melting of the powder, and lowering the build platform to
one-layer thickness (50 um). This sequence of steps was
repeated until the final part was built. The EBM-built

Fig. 12 a SEM micrograph of
Ti6Al4V ELI powder and b
enlarged view of two adhesion
particles

@ Springer

fabricated plate was then subjected to a PRS for blasting
away the semi-sintered powder around the build plate as
shown in Fig. 8(b). The blasting was done with the mix-
ture of the same material (Ti6Al4V ELI) and air with high
pressure of 6 bar to preserve its purity [43]. The blasted
powder was sieved and refilled into the machine with
fresh powder for the next build. The support structures
as shown in Fig. 8(c) were added to assist the overhang
parts and to dissipate the heat during the printing process
thus preventing residual stresses. The attached supports
were easily removed manually using simple tools such
as plyer.

2.4 Evaluation module

The different verification tests were performed in this phase to
validate the effectiveness of the acquired implant design. For
example, the EDS (Oxford instruments, PLC, UK) equipped
with SEM was conducted for titanium alloy before and after
the fabrication of the reconstruction plate to evaluate its chem-
ical composition. The EDS test for the Ti6A14V ELI powder is
illustrated in Fig. 9.

The chemical composition of the EBM specimen examined
by the EDS test on post fabrication is shown in Fig. 10.

The powder particle size and shape influences the EBM
build platform and the sintering kinetics between the particles.
Hence, laser diffraction analysis was performed on feedstock
powder (Ti6A14V ELI) to measure the geometrical dimension
as shown in Fig. 11.

The SEM analysis was conducted as shown in Fig. 12(a) to
study the powder particle size morphology. It was observed
that some of the spherical powder particles were in adhesion
with other particles as shown in Fig. 12(b).

The structural characterization of the reconstruction plate
was assessed depending on the external and internal pore
structure. The open and interconnected lattice networks are
essential for cell nutrition, proliferation, tissue migration,
and vascularization and formation of new tissues [44].
Besides, there should be good interconnections between struts
without any cracks or defects. The pore diameter and strut size
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Fig. 13 Transformation of a solid cube to dode thick lattice structure and its measurement of strut thickness and pore diameter

are important characteristics of a lattice material because the ~ dense, and low-density objects with improved stability of the
properties of the lattice material depend on the pore size, strut/  focal spot position. This imaging technique visualizes the
wall size, and shape [45]. Hence, a solid cube of 15 x 15 mm”  three-dimensional internal structure in a non-destructive way
(Fig. 13(a)) was designed and transformed into a dode thick  (without physical cutting). The accelerating source voltage
lattice structure of 2 mm unit cell (Fig. 13(b)) and its internal, ~ used in this study was 120 kV along with an image pixel size
as well as external pore structure, was studied. The optical ~ of 12.03 mm. A high resolution of the X-ray beam with a
microscope (Motic® BA310, Hong Kong) was utilized to  focused spot size of 5 um was concentrated on the lattice
estimate the pore and strut size of the EBM-produced lattice ~ cube. Each 512 x 512 bitmap row of 2D slice image was col-
cubes. It was indeed performed to test the difference between  lected as output data. The 1 -CT scan outcomes of the internal

the design and EBM-fabricated parts. lattice characterization are presented in Fig. 15.

Figure 14 illustrates the measurement of pore and strut size To study the strength of the EBM-produced dode thick
from the optical microscopic image of the EBM produced  lattice cubes, an axial compressive test was also per-
dode thick lattice structure. formed. The compressive strength of the EBM-produced

The p-CT scan (BRUKER SKYCAM 1173, Belgium) was ~ cubes was analyzed using a 3385 H Instron universal tes-
implemented to determine any stochastic defects and to dem- ter (Instron, Massachusetts, United States) attached with a

onstrate the inner construction of the struts in the lattice cube.  load cell of 100 KN and at a crosshead travel speed of

The Skyscan 1173 offers high-energy u-CT imaging for large, 1 mm/min.

Fig. 14 Measurement of pore and
strut size from the optical
microscopic image of the dode
thick structure

_Pore Diameter Strut Size

2.00 mm
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Fig. 15 Micro-CT scan images
representing cross-sectional
views of the dode thick lattice
structure

2.5 Cost analysis

A comprehensive cost model was established to investigate
the economics of fabricating the proposed design using EBM
technology. Due to the additive fabrication of EBM parts, less
material is wasted, which in turn, reduce the material cost and
also the manufacturing time [46]. The EBM machine run time
is the main cost-driving factor when compared to data prepa-
ration and energy consumption. For the last decade, the capital
cost of additive manufacturing machines has fallen dramati-
cally. Certainly, the machine cost and material cost are also
likely to drop significantly owing to more competition in the
market. Multiple parts can be fabricated in EBM under a sin-
gle build. In addition to the benefits of costs, energy, and
sustainability, AM properties and performance are important
factors in assessing the suitability of this technology. The
EBM technology can produce parts with properties exceeding
those manufactured by traditional process [47]. The cost mod-
el for EBM technology can be defined as follows:

(Crndirect X Tguita)+(Mpart X Craw)

Cost Model Cgyjlg—
+(EBuild X PEnergy)+(MHours X CLabor)

Where,

Cingireet  Indirect cost consisting of EBM ownership cost
and maintenance cost, measured in $/h,

Tguila EBM total build time,

M Mass of EBM-built parts including support struc-
tures,

CRraw Cost of the metal powder (Ti6Al4V ELI) measured
in $/g,

Eguila Energy consumption for EBM-built part,

Pgpergy  Price of energy consumption (electricity cost for

EBM process), measured in $/KWh,

Dode thick start

Myours Manual hours in the preparation of EBM-built
parts,
Crabor  Labor cost/ h

A comprehensive cost model spreadsheet for the fabrica-
tion of customized mandibular implant is presented in the
table ST1 and their results were compared with the commer-
cially available reconstruction plate produced through tradi-
tional techniques.

3 Results and discussions

The outcomes from the various tests have been presented in
this section. For example, the elements Ti (Titanium), Al
(Aluminum), and V (Vanadium) detected by EDS analysis
on post fabrication were very close to the composition of the
feedstock powder. Table 4 illustrates the EDS analysis results
which indicated that the EBM-fabricated specimen did not
differ much from the input powder.

The results from the laser diffraction technique on the pow-
der indicated that the particle size distribution was intact with
an original size distribution of 50 to 110 um and a mean
approximation of 75 pum. The SEM analysis revealed that
the powder particle morphology remained to be spherical with
no significant deviations in geometry and size from the man-
ufacturer's data. The results of particle size distribution and
powder morphology ensured that the powder had a constant
flowability throughout the build process.

The strut thickness and pore diameter of the designed dode
thick lattice structure were found to be 600 and 480 pm, re-
spectively. The porosity percentage of the lattice structure was
calculated using the volume parameter obtained from de-
signed solid and dode thick lattice structure and measured as
75%. Several research studies have proved that titanium scaf-
fold with a porosity of 75% and pore diameter in the range of

Table 4. Chemical composition
of'the feedstock powder and EBM

fabricated specimen (Wt%).

Al (Aluminum) V (Vanadium) Ti (Titanium)
Feedstock powder 6.4 4.0 89.6
EBM Fabrication Specimen 6.24 3.89 89.87
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Table 5 Comparison between experimental and theoretical values
Specimen Strut thickness (um)  Pore diameter (pum)
Design value 600 480
EBM-fabricated value 560 620

Difference in percentage —7.14 22.5

200 to 620 um provides excellent metabolic cell activity and
cell migration [27, 48]. The pore size and porosity in our study
were within the range considered optimal in the literature. The
average strut thickness and pore diameter of the EBM-
fabricated lattice structure were estimated to be 560 and
620 um. Table 5 summarizes the difference in percentage
between the design value and the EBM-fabricated value of
struts and pores. The percentage difference was calculated
based on the following equation:

( EBM fabricated value—Design value ) x 100
EBM fabricated value

Percentage difference =

The difference between the design and EBM-fabricated
values can be attributed to the EBM shrinkage factor on the
size of the struts which in turn increased the pore diameter.
Earlier studies have also proved similar strut and pore size
deviation from CAD design and fabricated scaffolds [8, 49].
This difference in discrepancy was due to the EBM-built pa-
rameters such as beam speed, scan rate, and beam current
which defined the shape of the struts [50]. A regular lattice
structure with a repeated array of cells provides less difference
between the fabricated and the design values when compared
to structures with complex cell types [51]. Moreover, the mi-
croscopic image showed no differentiation in the interlayer
and complete melting of the metal powder when investigated
on the exterior face of the lattice cube. It pointed out good
metallurgical bonding between the layers of the lattice struc-
ture during the fabrication process. This outcome is significant
because the presence of voids between the layers reduces the
strength of the finished part.

The interconnectivity is another important factor that deter-
mines the effectiveness of porosity [52]. Weak

Fig. 16 Compressive stress— 16
strain graph of dode thick 14
structure

Stress (MPa)
o]

interconnectivity between pores leads to cracks and fractures.
Pore size and interconnectivity affects how much cells can
penetrate and grow into the scaffold. A good interconnected
pore channel supports the vascular system and enhances con-
tinuous bone development [53]. Furthermore, it is a usual prac-
tice to perform the blasting of the EBM-produced sample after
each build to remove the semi-sintered powder attached to the
specimen, due to which, there are high chances of breakage of
the internal struts. Therefore, the p-CT analysis was carried out
to validate the interconnectivity and the porosity of the pro-
duced specimen. The outcome from this investigation demon-
strated that the EBM-fabricated lattice structures exhibited
strong interconnectivity between pores and possessed an unin-
terrupted network of interconnected channels.

The results from the axial compressive test are depicted in
Fig. 16. It establishes the stress—strain relationship curve of the
lattice cube with a maximum strength of 15 MPa. It was ob-
served from the compression test that the deformation of the
lattice cubes started from collapsing of the individual layers
which were adjacent and the edge of the cube.

Earlier research studies reported that the maximum biting
force in the mandibular region for healthy patients ranges from
15 to 4341 N, depending upon their age, gender, and measure-
ment method [54, 55]. Hernandez et al. [56] achieved a compres-
sive strength of 11.7 MPa for its EBM-fabricated lattice Ti6Al4V
material whereas Jayanthi et al. [57] attained a mere 7 MPa with
the same Ti6Al4V alloy. We achieved a higher peak strength of
15 MPa, allowing the implant to withstand greater load and
simultaneously reducing the stress shielding at the surrounding
bone. Besides, the bite force measurement studies revealed a
significant increase in measurement on post-operation of mandi-
ble reconstruction from 30 to 66% over 6 weeks [58, 59]. The
EBM-fabricated dode thick lattice plate will have a significant
increase in biting force and can subsequently withstand higher
stresses of about 30 to 60% after 6 weeks.

Based on the cost analysis as shown in Table 6, it can be
inferred that EBM is an expensive process to produce one
custom plate from a single EBM-built setup, but if we produce
at least 15 plates in one build, the cost will dramatically re-
duce. Therefore, if the requirement is for producing custom-
ized implants for a large number of patients, then EBM is the

—e—Dode Thick-1 —e—Dode Thick-2 —e—Dode Thick-3

0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Strain
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Labor cost Total cost

Energy consumption  Energy cost Manual hours

Material cost

Part mass

Build time

Indirect cost

Table 6 Cost calculation for mandibular plates

Parts

@ Springer

US dollars ($)

CLabor ($/h)

5.33

MHOUI’S (h)

3.5

PEnergy ($/KWh)

Craw ($/2) Egyia (KWh)
0.22 0.085

My, (2)
140

T, Build (h)

16

Clndirect ($)

29

112

Cost of 15 plates in one-build EBM setup

(3.5 hx $5.33/h)

MHours x CLabor
$18.65

(112 KWh x $0.085/KWh)

EBuild X PEnergy
$9.52

(140 g x $0.22/g)

$30.80

$464 + $30.80 + $9.52 + $18.65

Cost of 1 plate from 15-plate EBM-build setup 523/15

M, Part < CRaw

($29/h x 16 h)

Clndirect x TBuild
$464

523
35

5.33

3.5

0.085

24.5

0.22

35 9.33

29

Single plate in one-build EBM setup

MHours x CLahor

EBuild X PEnergy

M, Part X CRaw

Cindgirect * Tguila

(3.5 hx $5.33/h)
$18.65

(24.5 KWh x $0.085/KWh)

$2.08

(9.33 g x $0.22/g)

$2.05

($29/h x 3.5 h)

$101.5

$101.5+$2.05 + $2.08 + $18.65 124

Reference [60, 61]

48-103

Commercial single plate

right option economically. Besides, the commercially avail-
able reconstruction plates produced through conventional
techniques is also a lengthy process with expensive mold de-
signs. Besides, the commercial titanium plates are not patient-
specific and come in standard shapes and sizes. The surgeons
before surgery spend a considerable amount of time (1 to 2 h)
to custom fit the commercial plate onto the patient bone con-
tour. In the case of producing a customized plate using a tra-
ditional technique such as casting [62] and wrought tech-
niques [63], the cost of each plate will be too high due to its
expensive mold design for each patient.

The cost of each commercially available titanium reconstruc-
tion plate (non-customized) is in the range of $48 to $103 de-
pending upon the supplier [60, 61]. In contrast, the cost of the
EBM-fabricated implant is $35, when at least 15 customized
implants are fabricated. Previous studies have indicated a cost
reduction of 35% for customized implants produced through the
EBM process when compared to traditional techniques [64]. In
the case of fabrication of a single customized plate in one EBM
built, the cost is much higher reaching $124.28.

Finally, the EBM-fabricated defect-free titanium recon-
struction plate was assembled on the polymer mandibular
model produced through fused deposition modeling to evalu-
ate its final fitting before surgery as shown in Fig. 17. On
successful fitting assessment, the titanium lattice plate was
washed with acetone, distilled water, and dehydrated alcohol
before sterilization to remove the biological contamination.
Gamma irradiation and oxygen plasma are some of the steril-
ization processes which can also be used to free the recon-
struction plate from all viable microorganisms [42].

4 Conclusion

The progress in engineering technologies, such as state-of-the-
art image acquisition systems, advanced modeling software,
and additive manufacturing has uniquely changed the way im-
plants are designed and fabricated for the medical industry.
However, there are inconsistencies and gaps, due to lack of
studies concerning the restoration of large and complicated
mandibular defects, inadequate applications involving smooth
integration of various design and manufacturing phases, unsat-
isfactory quality validation procedures, as well as insufficient
lattice structures and their performance investigations.
Therefore, to address some of these issues, a methodology
has been introduced to achieve a robust and reliable additively
manufactured porous implant for large mandibular defects. The
primary objective of this study was the seamless integration of
the different phases for mandible rehabilitation. It intended on
automating the procedure of acquiring the tailor-made scaffold
implant through design, analysis, assessment, and fabrication
of the mandibular defect. The primary outcome of this study
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Fig. 17 a Polymer mandibular a
models and EB-fabricated
titanium lattice plate, b titanium
lattice plate after support removal,
and c¢ close-up view of the lattice
implant attached to the polymer
model

was a comprehensive roadmap required for the design and
fabrication of customized mandible implants.

A patient-specific plate was designed and fused with a
mesh structure to support the building of surrounding bones.
The customized lattice implant for mandibular reconstruction
was designed from the patient's CT scan data and simulated
for biomechanical analysis under chewing conditions and fab-
ricated using EBM. The simulation of the designed recon-
struction plate resulted in a maximum of 214.77 MPa of Von
Mises stress which was significantly below the yield strength
(800 MPa) of the material (Ti6Al4V ELI) used for the implant
study. Moreover, the EDS and a p-CT scan confirmed that the
EBM-fabricated lattice reconstruction plate possessed a uni-
form network of channels that were free from cracks and im-
purities. The EBM-fabricated lattice reconstruction plate also
fitted closely onto the mandibular bone, providing rigidity and
flexibility to the implant. The cost analysis clearly showed that
the initial cost of EBM system acquisition was considerably
higher but the cost/part reduced significantly thus making it
more competitive when a large number of reconstruction
plates were fabricated. The additively fabricated implant pro-
totypes help the surgeons to plan, navigate, and rehearse the
surgical corridor preoperatively, thereby easing the difficulty
and lowering the operation time of complex surgical cases.

The outcomes asserted EBM-fabricated customized lattice
plates is a potential bone substitute in large mandibular de-
fects. This research is especially useful because it provides a
description of each step in each phase to guide future studies.
Moreover, this approach can also reduce the number of revi-
sions and surgery time as well as provide a faster healing time
with good implant tissue in-growth. However, this approach
needs collaborative disciplines so that ideal practices can be
synergized to promote and nurture innovation in this field of
medical implants. In future work, this proposed research ap-
proach can also be assimilated in other bone defects where
reconstruction plates are needed.
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